Specific cleavage of RNA is catalysed by short oligodeoxynucleotides termed DNAzymes. DNAzymes consist of two binding arms that hybridize to a predetermined RNA sequence and a catalytic core that cleaves a phosphodiester bond held between the binding arms. DNAzymes are exemplified by the well-studied 10-23 DNAzyme, which compared with protein ribonucleases is highly specific, albeit slow. Here we report a significant improvement in cleavage kinetics, while maintaining specificity, by incorporation of LNA (locked nucleic acid) and α-l-LNA nucleotides into the binding arms of 10-23 DNAzyme. DNAzymes modified in this way (LNAzymes) enhance cleavage of a phosphodiester bond presented in a short RNA substrate as well as in longer and highly structured substrates, and efficient cleavage is maintained from single-to multipleturnover conditions. Analysis of the cleavage reaction indicates that substrate hybridization is boosted by the presence of the locked residues within the LNAzymes, while no apparent change occurs in the catalytic strand-scission step.
Introduction
DNA oligonucleotides capable of catalysing biochemical reactions have been isolated by in vitro selection [1] . One such reaction is the hydrolysis of RNA, in which a given DNAzyme hybridizes to a predetermined sequence in an RNA molecule and cleaves a specific phosphodiester linkage. This ability to cleave RNA molecules specifically endows DNAzymes with obvious biotechnological and therapeutic potential. However, to realize this potential, a number of obstacles must be overcome, not least of which is the rather slow kinetics of the DNAzymes.
The most commonly studied of the DNA enzymes are the 31-nucleotide 10-23 DNAzyme and its derivatives (the designation refers to the round of selection and sample number in the original in vitro isolation process) [2] . High enzyme-substrate specificity is attained by hybridization of Key words: DNAzyme, α-l-LNA, LNAzyme, locked nucleic acid (LNA), RNA cleavage.
Abbreviation used: LNA, locked nucleic acid. 1 To whom correspondence should be addressed (e-mail jwe@chem.sdu.dk).
the two binding arms of the DNAzyme to complementary sequences that bracket the point of cleavage in the RNA substrate ( Figure 1A ). In the centre of the DNAzyme is a 15-nucleotide sequence that forms the catalytic core in association with one or more bivalent cations [2] . As with other DNAzymes, one of the drawbacks in using the 10-23 DNAzyme as a clinical or research tool is its requirement for an easily accessible and relatively unstructured target sequence in the RNA substrate, which makes the prediction of cleavage efficiency difficult.
DNAzymes with modified binding arms
Incorporation of modified nucleotides into the binding arms has been reported previously to modulate DNAzyme function. For example, phosphorothioates, 2 -O-methyl-RNA and 3 -3 internucleotide inversions all increase stability against degradation by nucleases, and some of these modifications have been observed to either improve or hamper substrate cleavage (e.g. [3] [4] [5] LNA (locked nucleic acid) containing conformationally fixed 2 -O,4 -C-methylene-β-D-ribofuranosyl nucleotide analogues [6] and the stereoisomeric α-L-LNA [7, 8] ( Figure 1B ) possess a number of characteristics that would be advantageous in DNAzymes. These characteristics include increased helical thermostability, excellent mismatch discrimination when hybridized with RNA or DNA, and resistance to exonucleolytic degradation [6, 9, 10] . Here we report on whether incorporation of LNA monomers into the binding arms of 10-23-type DNAzymes has a favourable effect on ribonuclease activity.
Design of LNAzymes
We define an LNAzyme as a DNAzyme containing one or more LNA-type nucleotide monomers. Our first aim was to incorporate an optimal number of LNA-type monomers into each of the octanucleotide arms of a 10-23 DNAzyme. The resultant LNAzyme should be able to gain access to its specific target site within an RNA structure, facilitate cleavage, and then release the cleaved products, so that the LNAzyme is free to initiate a new round of cleavage on another substrate molecule. LNA monomers markedly increase the melting temperatures of duplexes formed with complementary RNA [6, 9, 10] ; thus too many LNA monomers in the DNAzyme binding arms would probably extend the off-rate after RNA cleavage (and might also cause non-specific binding). Our prototype LNAzymes were engineered with two α-L-LNA or LNA thymine monomers in each binding arm. The α-L-LNA and LNA modifications resulted in very similar LNAzyme performance, and markedly enhanced cleavage rates in vitro compared with the unmodified DNAzyme [11] . Good cleavage has also been obtained using an LNAzyme with three α-L-LNA monomers in each binding arm.
Using the same RNA target sequence, we then investigated the effect of shortening the length of the binding arms. Shortened binding arms were tolerated better in the LNAzymes than in the corresponding DNAzymes. We obtained significant cleavage with an LNAzyme with pentaor hexanucleotide binding arms, while the equivalent DNAzyme could not cleave under the same conditions. However, an LNAzyme with two tetranucleotide arms showed no activity. Based on data from preliminary studies, a good starting point for improvement of enzymic function appears to be an LNAzyme with octamer binding arms each containing two or three LNA or α-L-LNA residues. LNAzyme performance will also depend on the substrate structure, cleavage conditions and specificity requirements, and these should be taken into account when tailor-making an enzyme. For example, if an efficient single-turnover event is required, then longer binding arms with additional modifications could be chosen.
LNAzyme-mediated cleavage of structured RNA substrates
Given the inherent ability of RNA to fold into stable conformations, it is not surprising that cleavage by DNAzymes is highly dependent on the structure of the RNA target, and it is not uncommon to find that a DNAzyme catalyses little or no cleavage at its target despite perfect complementarity between the binding arms and the RNA (e.g. [12, 13] ). We have investigated how the complexity of the higher-order structure at the RNA target influences the abilities of DNAzymes and LNAzymes to cleave. The same RNA target sequence (corresponding to 23 S rRNA nucleotide 1093) was displayed in three different structural contexts: in a 17 nt RNA containing only the annealing sequences and the target nucleotide; in a more structured 58 nt RNA; and in the structurally complex 23 S rRNA (2904 nt) (Figures 2A, 2B and 2C respectively) . Under singleturnover conditions, a 10-fold excess of the DNAzyme was required to achieve effective cutting of the 17 nt RNA, but this was inadequate to cleave the 58 nt RNA well (Table 1) . In contrast, stoichiometric amounts of LNAzymes cleaved all the RNAs efficiently. The improved cleavage by the LNAzymes, under these conditions where multiple turnover is not required, indicates more favourable RNA annealing and complex stabilization relative to the DNAzyme.
To establish whether these observations hold true for other RNA sites, DNAzymes and LNAzymes were engineered against two other cleavage targets within 23 S RNA (nucleotides 745 and 1096; shown in Figure 2C ). The LNAzymes, all with two LNA monomers in each octanucleotide binding arm, again cleaved the tightly structured 23 S rRNA significantly faster than did the corresponding DNAzymes (results not shown). At the nucleotide 1093 target, a 50-fold showing substrate and cleavage product under multiple-turnover conditions with 20-fold excess of the 58 nt (58n) RNA substrate relative to LNAzymes (containing two α-l-LNA or LNA thymine monomers in each octanucleotide binding arm [11] ). The incubation times for cleavage reactions are shown above the gel lanes. The equivalent DNAzyme showed no cleavage under these conditions (results not shown).
Table 1 Comparison of cleavage by DNAzymes and LNAzymes
Dz1093-8/8 is a 10-23-type DNAzyme designed to cut the Escherichia coli 23 S RNA sequence at position 1093 with 8-mer-long binding arms. α-l-LNAzyme and LNAzyme are the modified forms containing two α-l-LNA or two LNA monomers respectively incorporated in each binding arm [11] . Values of 1:1, 1:10, and 1:50 indicate ratios of substrate to DNAzyme/LNAzyme. The extent of cleavage after a 60 min incubation (conditions as in [11] ) is indicated as: +, <10%; ++, 10-50%; +++, 50-80%; ++++, >80%.
Cleavage

Dz1093-8/8
α-l-LNAzyme LNAzyme This further indicates that access to the site of RNA hydrolysis is a limiting factor in these reactions. LNAzymes will be required to perform multiple-turnover cleavage if they are to be of use for therapeutic or biotechnological applications. The extent to which multiple turnover occurs at the nucleotide 1093 target was investigated in the 58 nt RNA substrate. Cleavage was clearly executed by LNAzymes ( Figure 2D ), whereas the equivalent DNAzyme showed no activity under these conditions.
LNAzyme activity in cells
Successful application of DNAzymes in cells has been reported (e.g. [3, 4, 13] ). However, variability in cleavage efficiency, whereby some DNAzymes cleave very slowly or simply do not anneal to their target, limits their use. We envisage that LNAzymes directed towards specific RNA targets will show clear advantages compared with DNAzymes or some antisense strategies. LNA is considerably more stable against degradation by nucleases than unmodified DNA and RNA (e.g. [6, 14, 15] ), and LNA oligonucleotides are well tolerated by cells, showing promising antisense effects [16] [17] [18] . A recent report indicated that LNA-modified antisense oligonucleotides are more effective than phosphorothioate-DNA and 2 -O-methyl-RNA in mammalian cells, but less effective than siRNA (small interfering RNA) [19] .
The major disadvantages in using LNAzymes in cells are the same as for all other antisense strategies, namely the difficulty in achieving efficient uptake and localization of the oligonucleotide. LNA oligonucleotides can be transported into cells in the same manner as DNA oligonucleotides, and can inhibit tumour growth when administered continuously at sufficient levels [18] . To our knowledge, no LNAzyme-mediated cleavage has yet been observed in cells, although studies are under way.
Future perspective: improvement of the catalytic reaction
So far, our studies have concentrated on incorporating LNA nucleotides into the binding arms of DNAzymes to increase annealing affinity. Another major improvement would be to increase the catalytic power of the cleavage reaction. Incorporation of C5-imidazole-functionalized deoxyuridine [20] , imidazole-modified adenosine and amine-modified uridine [21] in the catalytic core of DNAzymes has shown potential for expanding catalytic strategies.
DNAzyme and ribozyme reactions generally have much lower rate constants than reactions catalysed by proteins. According to a recent hypothesis, this is because many nucleic acid enzymes use only two specific catalytic strategies [22] . The 10-23-type DNAzymes use additional strategies [22] , and thus have potential for improvement in their kinetics. This might be achieved by the incorporation of LNA monomers, although this is not a practicable approach to use in conjunction with random in vitro selection (the polymerase monomer substrates are not yet available). On the other hand, a purely rational approach is not yet feasible in the absence of a three-dimensional structure. Even so, it is likely that further progress in improving the catalytic power of LNAzymes can be made by an approach whereby suitably modified nucleotides are incorporated at crucial sites in the original DNAzyme structure.
Concluding remarks
In order to improve hydrolytic ability, we have incorporated LNA monomers into specific positions of 10-23-type DNAzymes. We have investigated cleavage at three different sites in 23 S RNA, where one of these sites has been presented in three different sized substrates of varying structural complexity. In comparison with the parent DNAzymes, LNAzymes showed significantly enhanced cleavage rates in all cases, most notably in efficient multiple-turnover reactions. This is primarily a consequence of the increased ability of the LNAzymes to unfold RNA structures and hybridize efficiently to the target sequences.
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